In the last two decades, second-generation antipsychotics (SGAs) were more frequently used than typical antipsychotics for treating both psychotic and nonpsychotic psychiatric disorders in both children and adolescents, because of their lower risk of adverse neurological effects, that is, extrapyramidal symptoms. Recent studies have pointed out their effect on weight gain and increased visceral adiposity as they induce metabolic syndrome. Patients receiving SGAs often need to be treated with other substances to counteract metabolic side effects. In this paper, we point out the possible protective effect of add-on melatonin treatment in preventing, mitigating, or even reversing SGAs metabolic effects, improving quality of life and providing safer longterm treatments in pediatric patients. Melatonin is an endogenous indolamine secreted during darkness by the pineal gland; it plays a key role in regulating the circadian rhythm, generated by the suprachiasmatic nuclei (SCN) of the hypothalamus, and has many other biological functions, including chronobiotic, antioxidant and neuroprotective properties, anti-inflammatory and free radical scavenging effects, and diminishing oxidative injury and fat distribution. It has been hypothesized that SGAs cause adverse metabolic effects that may be restored by nightly administration of melatonin because of its influence on autonomic and hormonal outputs. Interestingly, atypical anti-psychotics (AAPs) can cause several sleep disorders, and circadian misalignment can influence hormones involved in the metabolic regulation, such as insulin, leptin, and ghrelin; furthermore, a relationship between obesity and sleep curtailment has been demonstrated, as well as sleep deprivation in rats has been associated with hyperphagia. Metabolic effects of melatonin, both central and peripheral, direct and indirect, target most metabolic disorders reported during and after SGA treatment in children, adolescents, and adults. Further systematic studies on psychiatric patients are needed to explore the effect of add-on melatonin on metabolic side effects of SGAs, independent of energy intake, diet, and exercise.
Introduction
Antipsychotic drugs are frequently used for treating both psychotic and nonpsychotic psychiatric disorders, including schizophrenia, bipolar disorders, autism spectrum disorders, disruptive behavior disorders, and Tourette syndrome in children and adolescents, as well as in adults. 1 In the last two decades, newer antipsychotics, usually named atypical antipsychotics (AAPs), or second-generation antipsychotics (SGAs), were thought to be safer than older, typical, first-generation antipsychotics (eg, haloperidol), mainly due to a lower risk because of neurological adverse reactions, namely, extrapyramidal symptoms (EPS). 2, 3 However, recent studies have raised significant concerns regarding their adverse effects related to the metabolic syndrome (MS) (weight gain/obesity, hypercholesterolemia, hypertriglyceridemia, hyperlipidemia, hyperglycemia/hyperinsulinism, and hypertension). [4] [5] [6] Substantial weight gain and submit your manuscript | www.dovepress.com
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Porfirio et al increased visceral adiposity have become a primary reason of concern. 7 Furthermore, hyperglycemia/hyperinsulinism, hypercholesterolemia/hypertriglyceridemia, and hypertension are associated with a high risk for diabetes mellitus, cardiovascular diseases, and overall mortality. [8] [9] [10] MS is defined by the presence of at least three of the following symptoms: waist circumference .102 cm in males and .88 cm in females, triglycerides .150 mg dL -1 , high density lipoprotein ,40 mg dL -1 , blood pressure (BP) .130 85 mmHg, and fasting glucose .110 mg dL -1 . 11, 12 Pathways from antipsychotic drugs to metabolic effects may be increased appetite, decreased thermogenesis, interaction with several neurotransmitter receptors, modulation of neuropeptides, and alteration of circadian rhythm. 13 Appetite stimulation is probably a key element of AAPinduced weight gain, and genetic polymorphisms strongly affect the bodyweight response. Nutritional advice, programmed physical activity, cognitive-behavioral training, and atypical antipsychotic switching are possible interventions to counteract excessive body weight gain. Furthermore, pharmacological adjunctive treatments have been assessed in some clinical trials, as shown in Table 1 . Other molecules (agents, substances) are needed to effectively counteract metabolic side effect of AAPs.
Melatonin is an endogenously produced indolamine secreted by the pineal gland into the blood stream and cerebral fluid. It is also a natural component of some vegetables, cereals, and beverages, 14 and can be taken as an exogenous supplement, chemically identical to its endogenous form. 15 Endogenous melatonin is synthesized by pinealocytes from tryptophan via the serotonin pathway. 16 The synthesis is enhanced by the binding of norepinephrine to adrenergic beta receptors usually during darkness, while its secretion is suppressed by light, 17 namely, visible electromagnetic wavelengths in the range of 460-480 nm. 18 Its plasmatic level reaches maximal values in the middle of the night, and then progressively decreases to reach minimal values in the morning. Melatonin receptors MTNR1 and MTNR2 are mainly expressed in the hypothalamus, but also in other brain regions, 12 and peripherically, in islets of Langerhans, where they are involved in regulating insulin secretion from β-cells and glucagon secretion from α-cells.
19
Circadian rhythm is generated by the suprachiasmatic nuclei (SCN) of the hypothalamus, which modulates in a circadian pattern the activity of noradrenergic neurons. Light perceived by the retina reaches the SCN through a nonvisual pathway, the retinohypothalamic tract, and suppresses melatonin secretion. 16, 17, 20 Melatonin plays a key role in regulating the circadian rhythm 21 and has many other biological functions, including chronobiotic, antioxidant and neuroprotective properties, and anti-inflammatory and free radical scavenging effects. Melatonin enhances the activity of antioxidant enzymes, diminishing oxidative injury and fat distribution.
22,23
The hypothesis/theory A study showed that MT1 and vasopressin and/or vasoactive intestinal peptide positive cells were increased in the hypothalamic SCN and paraventricular nucleus (PVN) of patients with depressive disorders. 24 Moreover, the number of MT1 cells, but not MT2, was positively correlated with disease duration, suggesting that it may increase during the course of the disease. These changes may contribute to the efficacy of MT1 agonists, as well as melatonin, to counteract metabolic vulnerability and may explain the baseline circadian disorders, which are both associated with depression; therefore, it could be considered as a model for other psychiatric diseases.
Newer antipsychotics have differential effects in hypothalamic structures. 25 Romo-Nava et al 26 hypothesized that SGAs may disturb a centrally mediated metabolic balance, causing adverse metabolic effects that may be restored by nightly administration of melatonin. The PVN is crucial for the regulation of metabolic functions, through hypothalamic signals conveyed to the body by hormones and the autonomic nervous system. 27 These functions are strongly under the influence of the SCN, giving a circadian rhythm to autonomic and hormonal output. 28 The SCN is one of the main targets of melatonin in the brain, as this hormone inhibits the neuronal firing of SCN neurons. 19, 29 Through the decreased activity of SCN neurons, those in the PVN are inhibited as well. A SCN-mediated mechanism could contribute to explain the SGA-induced adverse metabolic effects, and the positive action of melatonin in attenuating these effects. 30 Recent studies on mammals demonstrated that melatonin supplementation can diminish the body weight of middleaged rats having melatonin deficiency, as well as in rats with diet-induced obesity. This weight loss is associated with a reduction in visceral obesity, hyperinsulinemia, and hyperleptinemia. [31] [32] [33] Given these metabolic properties, and based on preliminary findings, 9, 21, 26, 34 we hypothesize that add-on melatonin may be a new possible approach in patients receiving antipsychotic drugs to prevent and/or reduce the risk of weight gain and other metabolic side effects. Moreover, given the high tolerability and low rate of side effects of exogenous melatonin, it may be also safely used in pediatric patients. The aim of this paper was to critically review empirical evidence and possible mechanisms supporting this strategy.
evaluation of the hypothesis
There are just few studies, as we show in Table 2 , suggesting that melatonin may reduce the metabolic side effects of antipsychotic drugs, independent of energy intake, diet, and exercise. 18, 34 First evidence was derived from experimental animal models. Raskind et al 9 divided a sample of 44 female rats into four groups (n=11 group) and treated each group for 8 weeks with olanzapine, melatonin, olanzapine + melatonin, or placebo in drinking water, respectively. At 8 weeks, body weight and total visceral fat pad weight increased in rats treated with olanzapine alone more than the other three groups (all P,0.01), while the other three groups did not differ significantly. Furthermore, nocturnal plasma melatonin level was 55% lower in olanzapine-treated rats compared with controls, and this level was restored to normal by melatonin replacement. Nocturnal locomotor activity decreased by 32% with olanzapine and was not restored by melatonin supply. Therefore, the authors suggest that olanzapine-metabolic effects may be, at least in part, due to olanzapine-induced changes in melatonin secretion and not only due to reduced locomotor activity. Few studies have explored the effect of add-on melatonin on metabolic side effects of antipsychotic drugs based on data from clinical trials on psychiatric patients. In an 8-week, double-blind, randomized, placebo-controlled, parallel-group clinical trial, Romo-Nava et al 26 evaluated the metabolic effect of melatonin in 44 SGA-treated patients (20 with bipolar disorder and 24 with schizophrenia), in terms of weight, BP, lipid, glucose, body composition, and anthropometric measures. Patients randomly received placebo (n=24) or melatonin 5 mg (n=20). The melatonin group showed a decrease in diastolic BP (5.1 vs 1.1 mmHg for placebo, P=0.003) and attenuated weight gain (1.5 vs 2.2 kg for placebo, F=4.512, P=0.040), compared with the placebo group. Of note, the significant beneficial effects of melatonin on fat mass (0.2 vs 2.7 kg, respectively, P=0.032) and diastolic BP (5.7 vs 5.5 mmHg, respectively, P=0.001) were observed in the bipolar patients, but not in the schizophrenic group.
Furthermore, Romo-Nava et al 26 found a different effect of melatonin in patients receiving antipsychotics with a medium risk of weight gain (quetiapine and risperidone), compared with the high-risk antipsychotics (clozapine and olanzapine). Melatonin effectively reduced weight gain in patients receiving medium-risk antipsychotics, while a greater weight gain was found with high-risk antipsychotics (effect sizes for medium-risk SGAs: placebo group vs melatonin group: 0.271; and for high-risk SGAs: placebo group vs melatonin group: -0.281). These patients showed a significantly greater increase in total body water compared with the placebo group, an effect that could account for the apparent weight and waist size increases caused by antipsychotics (effect sizes for medium-risk SGAs: placebo group vs melatonin group: 0.14; and for high-risk SGAs: placebo group vs melatonin group: -0.461).
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34 explored efficacy of melatonin 3 mg/day in prevention of olanzapine-induced metabolic side effects in 48 patients with first-episode schizophrenia, randomly assigned to olanzapine plus either melatonin or placebo for 8 weeks. At the endpoint, melatonin was associated with significantly less weight gain (mean difference [MD] =3.2 kg, P=0.023) and less increase in waist circumference (MD =2.83 cm, P=0.041) than the placebo, while cholesterol, insulin, and blood sugar concentrations did not differ significantly between the groups.
Mostafavi et al 21 studied effects of melatonin in reducing metabolic side effects of olanzapine in 48 adolescents (age range 11-17 years) with bipolar disorder, 24 patients allocated to olanzapine, lithium carbonate, and melatonin; and Total visceral fat pad weight was increased ~37% (P,0.001) by olanzapine and restored to control levels by olanzapine + melatonin 11 patients, olanzapine + melatonin Nocturnal plasma melatonin concentrations in week 7 of treatment were suppressed 55% (P,0.001) in the olanzapinetreated rats, relative to control treatment, and were restored to normal by olanzapine + melatonin treatment 11 patients, placebo
Nocturnal locomotor activity was decreased 32% (P,0. 24 patients allocated to olanzapine, lithium carbonate, and placebo. Melatonin significantly inhibited the rise in total cholesterol levels compared with placebo (P=0.032), while fasting blood sugar and triglycerides showed greater increase in the placebo group compared with the melatonin group but the differences were not statistically significant. Mean systolic BP rose more slowly in the melatonin group (1.05 mmHg) compared with placebo (6.36 mmHg) (P=0.023), while the trends in diastolic blood pressure did not show any significance.
Consequences of the hypothesis and discussion
All melatonin functions, including regulation of the circadian rhythm, antioxidant, and anti-inflammatory properties, could represent possible mechanisms of body weight reduction. Adipose tissue is considered an endocrine organ, as adipocytes synthesize adipocytochines, including leptin and adiponectin, 35 hemodynamic vascular factors, and chemokines. 36, 37 Obesity is characterized by low-grade inflammation generated by the activity of adipocytes and other cells 38, 39 and is associated with insulin resistance, given the increased concentration of free fatty acids (FFAs) in the blood stream and the antagonism of insulin action by adipocytokines.
14 Furthermore, obesity and MS are associated with a chronic oxidative stress state and with activation of proinflammatory cytokines and prothrombotic mediators. 31, 40, 41 These compounds reduce the activity of antioxidant enzymes, causing lipid peroxidation. Melatonin can enhance FFAs oxidation in the muscles, and thus increase insulin sensitivity and glucose tolerance, reduce the hepatic glucose production and eventually promote weight loss, 35 and reduce plasma leptin levels and abdominal fat. 32, 35 Furthermore, melatonin reduces oxidative stress by several mechanisms, such as free radical scavenging and stimulation of antioxidant enzymes. 42 Additionally, melatonin can counteract some metabolic disturbances through regulation of circadian rhythms. 9 At least 10% of cellular transcription changes have a circadian cycle. Molecular studies have demonstrated a correlation between clock genes and metabolism regulation, including the control of glucose homeostasis, 43 lipid synthesis, 44 and adipogenesis. 45 It has been reported that pinealectomy produces glucose intolerance and reduced insulin secretion by isolated pancreatic islets. 46 Therefore, circadian misalignment can influence hormones involved in metabolic regulation, such as insulin, leptin, and ghrelin. 47 Sleep deprivation in rats has been associated with hyperphagia, 48 and a relationship between obesity and sleep curtailment has been demonstrated. 49 Interestingly, AAPs can cause several sleep disorders such as rhythm disturbances, restless leg syndrome, and night eating syndromes. 50 Furthermore, it has been hypothesized that melatonin may be effective in the prevention of obesity by activation of brown adipose tissue (BAT). More specifically, melatonin can increase the capacity of nonshivering thermogenesis of BAT in small mammals. 51 BAT is a highly active metabolic tissue, which can transform extra energy into heat through uncoupling oxidative phosphorylation in mitochondria. Melatonin can increase BAT activity and mass by different mechanisms, both central and peripheral. 18 Indeed, BAT is regulated by hypothalamic neurons, especially the SCN, [52] [53] [54] with its melatonin receptors. [55] [56] [57] [58] Furthermore, melatonin may act directly on BAT, as membrane melatonin receptors are located on brown adipocytes. Finally, another possible site of the action of melatonin in BAT is the mitochondria, where changes induced by melatonin cause an increase in brown fat cells proliferation, as well as an increase in their thermogenic capacity.
Melatonin has been associated with type 2 diabetes mellitus (T2DM), and it has been proposed that pancreatic receptors of β-cells for melatonin are coupled to three parallel signaling pathways, with three different influences on insulin secretion: 1) the cyclic adenosine monophosphate pathway, leading to the inhibition of insulin secretion; 2) the melatonin receptor 2 (MTNR2) pathway, inhibiting the guanylate cyclase/cyclic guanosine monophosphate pathway and therefore insulin secretion; and 3) the inositol triphosphate (IP3) pathway, which augments insulin by mobilizing calcium. 59 A study in the Chinese population showed the impact of single-nucleotide polymorphisms on glucose metabolism and insulin secretion. 60 The authors found that genotypes of the 2-catalytic subunit of glucose-6-phosphatase (G6PC2) and of melatonin receptor 1B (MTNR1B) modulated fasting glucose levels in normoglycemic individuals, while variants of G6PC2 and glucokinase regulatory protein were associated with T2DM. Similarly, another study associated common variants of MTNR1B, G6PC2, and GCKP genotypes with elevated fasting glucose plasma levels and reduced insulin secretion. 61 To conclude, these alleles can be responsible or perpetuate hyperglycemia in predisposed individuals.
Peripheral melatonin receptors MTNR1 and MTNR2 are expressed in islets of Langerhans and are involved in regulating insulin secretion from β-cells and glucagon secretion from α-cells. A dyssynchrony of receptor signaling may induce the development of T2DM. A study on diabetic rat models showed that melatonin has also a diurnal impact on the blood glucose-regulating function of the islets, and an inverse relationship between melatonin and insulin has been found, with an increase in melatonin leading to a downregulation of insulin secretion and vice versa.
However, despite the close relationship between insulin and melatonin, due to the effect of melatonin on the insulin secretion capacity of pancreatic islets, 35, 59 the relationship between melatonin and glucose metabolism is far from clear. Several studies have found that melatonin decreases glucose-induced insulin release in mice and rats. 63 In this context, studies on rats found that the age-related decreased pineal secretion of melatonin was associated with intra-abdominal adiposity, as well as with elevated insulin and leptin levels, and that melatonin can prevent the aging-related increase in insulin resistance. 64 One of the characteristic features of T2DM is the association between hyperglycemia and dyslipidemia, a well-known risk factor for endothelial cellular β-cell dysfunction.
14 It has been suggested that postprandial hyperglycemia with high triglyceride levels, chylomicron remnants, and FFAs is implicated in the development of inflammation, and especially oxidative stress, which can, in turn, exacerbate the adverse effects of postprandial hyperglycemia. 65 The elevation of blood FFA levels can be mitigated with melatonin supplementation, due to the stimulation of non-shivering thermogenesis in the BAT. Studies suggest that melatonin enhances the entry of FFAs into the mitochondria, significantly reducing their plasma levels. 31, 66 A positive effect of melatonin on blood levels of low-density lipoprotein (LDL) cholesterol, associated with protection from oxidation, [67] [68] [69] [70] may be mediated by inhibition of cholesterol absorption, 71 enhancement of LDL-c receptor activity, inhibition of cholesterol synthesis, and increase of cholesterol catabolism into bile acids. [72] [73] [74] Melatonin may contribute to lower BP, possibly through improved functioning of the biological clock. 75 It has long been known that the systemic BP is variable and reduced (by 10%-20%) during sleep in humans. 15 However, the nocturnal fall in BP does not take place in 30%-35% of hypertensive patients, and it has been hypothesized that melatonin may be particularly relevant in these patients. 46 This issue is important, as patients whose BP is not reduced at night may be at risk for insulin resistance, obesity, and coronary heart disease, 76 and increased cardiovascular morbidity and mortality. 77 This risk may be further enhanced during SGA treatment. Studies showed that melatonin administration (2.5 mg/day) decreased nocturnal systolic BP and diastolic BP in hypertensive humans. 75 Reduced inflammation of the interstitial kidney tissue and oxidative stress in spontaneous hypertensive rats may be implicated in this protective effect. 78 The antioxidant effects may be the most important and influence BP via the specific pathways of receptors in peripheral vessels or in parts of the central nervous system. Furthermore, several animal studies showed that melatonin had a hypotensive action by restoring norepinephrine concentration, the proportion of heart β1/β2 receptors, 79 and improving the maximum relaxation of mesenteric arteries. 14 Another hypotensive mechanism may be through melatonin receptors in the hypothalamus, influencing the release of catecholamines, modulating the response of beta receptors, and enhancing endothelial nitric oxide synthase enzyme activation and nitric oxide synthesis. 80 In conclusion, metabolic effects of melatonin, both central and peripheral, direct and indirect, target most of the disorders reported during and after SGA treatment in children, adolescents, and adults. 4 These findings offer room for systematic studies addressing the crucial topic of the possible protective effect of add-on melatonin treatment in preventing, mitigating, or even reversing SGAs metabolic effects in order to improve quality of life of patients and provide safer longterm treatments, when these are absolutely needed.
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